(From the Department of Physiology and Pharmacology of The Rockefeller Institute
for Medical Research.) (Received for publication, April 16, 1918.) In a recent article 1 Gates and Meltzer reported a series of experiments on rabbits in which the combined action of sodium oxalate and magnesium sulfate and the antagonistic action of calcium chloride on the effects of injections of these salts were employed. The experiments showed that while the symptoms resulting from intramuscular and subcutaneous injections of sodium oxalate differ markedly from the depressant effects of magnesium salts, a combination of subminimal doses of the two substances in the same animal causes a profound depression essentially similar to that which follows an effective dose of magnesium alone, the additional injection of the oxalate seeming to augment the magnesium effect. The anesthesia and paralysis resulting from the double injection differ, however, from those pro 7 duced by magnesium alone by the presence of a plateau at the period of deepest depression, so that the condition of the animal remains apparently unchanged for a considerable period of time, during which respiration is fairly well supported. The antagonistic action of calcium salts proved to be as effective and striking as in the depression caused by magnesium alone.
In the present paper a series of experiments is reported in which the antagonistic action of salts of magnesium and of calcium was studied in rabbits which had received a lethal dose of sodium oxalate. Since the symptoms produced by magnesium are of a character opposite to those of acute oxalate poisoning, and since calcium is a precipitant of the oxalates in the animal body, as well as in vitro, it seemed 1 Gates, F. L., and ~VIeltzer, S. J., J. Exp. Med., 1916, xxiii, 655. 305 possible that either magnesium or calcium might be of value in combating the effects of large doses of oxalate3
Rabbits were employed. Sodium oxalate 3 in 3 per cent solution, and hydrated magnesium sulfate in molecular solution were injected into the sacrospinal muscles on opposite sides of the body. The doses were computed in grams per kilo of body weight. The site of the magnesium injection was always massaged for about 15 seconds, that of the oxalate was only sometimes massaged. Calcium chloride in solution was injected into the marginal vein of the ear in doses of 5 or 10 cc.
Effects of Sodium Oxalate.
When a lethal dose of sodit~m oxalate is injected into the lumbar muscles of a rabbit, a d6finite and characteristic train of symptoms follows. Often the animal defecates immediately after the injection. In the course of a few minutes it becomes restless and alert, changing position and posture suddenly, with quick abrupt movements. The hind legs seem to be stiff and are dragged. The respiration increases in depth and rapidity, and becomes somewhat labored, or panting, very rapid and continuous, without pause. The body shakes and the head nods with the breathing. A favorite posture is prone on the belly, with fore and hind legs extended, head up, and ears erect. The animal frequently gets up from this position only to seek it again after a moment of restless movement. After 10 or 12 minutes more acute symptoms make their appearance. Gradually the nodding head is retracted back and upward until the nose is in the air. At intervals it is jerked down again, only to rise as before. The respiration becomes more labored and irregular, and stops as the rabbit suddenly goes into a tetanic state witl/ marked opisthotonos, followed by a violent spastic convulsion, and then becomes limp. Sometimes this first convulsion is terminal; the animal relaxes, and all movement ceases after a fading, final series of gasps during which the heart cannot be felt. In other instances the heart continues to beat, respiration returns, and a second period of restlessness may be followed at intervals by another spastic struggle or a series of them. The successive periods between convulsions are marked by progressive weakness. The animal sprawls on the floor with legs spread, flanks relaxed, and head fallen to one side. Respiration becomes shallower, but not much slowed in rate. On palpation the heart beats seem to be rapid and weak. Finally the animal fails to recover from one of the convulsions, respiration fades away, the pupil dilates widely, and the heart can no longer be felt. A series of experiments with large doses of sodium oxalate is summarized in Table I . * One death at 2 hours, 11 rain., after a feeble convulsive struggle.
Of eleven rabbits which received an injection of 0.2 gm. per kilo of sodium oxalate, ten died in from 14 to 31 minutes after injection. The surviving animal succumbed in coma 2 hours, 11 minutes later. 0.2 gin. of sodium oxalate, given intramuscularly even without massage, is shown to be a fatal dose for rabbits. This dose was therefore selected for use in the next series of experiments.
Restorative Effect of Magnesium Sulfate.
A large amount of evidence shows that the symptoms which follow injections of magnesium salts are of a character opposite to those described for sodium oxalate. Shortly after the injection of magnesium the respiration may increase in rate, but soon becomes slower than normal and the animal sinks quietly into a progressive state of narcosis or depression, with partial or complete anesthesia, loss of the superficial reflexes, and a varying degree of paralysis which may cause death by involvement of the respiration. Symptoms of hyper-:sensitiveness and excitation are not seen. Hence we endeavored to counteract the effects of oxalate poisoning by injections of magnesium ~ulfate.
Only comparatively small doses of magnesium could be used. The earlier experiments had shown the striking action of oxalate in :augmenting the effects of magnesium injection. Doses of 0.7 gm. of magnesium sulfate and 0.12 gm. of sodium oxalate, which when given alone produce only trivial symptoms, killed by respiratory paralysis three out of four rabbits. The dose of magnesium to be sought, therefore, was one which would counteract the acute symptoms of ,oxalate poisoning, and yet not endanger the respiration through the depressant action of the combined salts. The experiments of this series are summarized in Table II . The injection of the magnesium :sulfate followed immediately the injection of the lethal dose of the oxalate. Table II correlates the results of a series of thirty experiments in which a dose of 0.6 or 0.4 gm. of magnesium sulfate was given to rabbits immediately after a lethal dose (0.2 gm.) of sodium oxalate. Of the ten rabbits which received 0.6 gin. of magnesium intramuscularly with massage, the oxalate injection being ,followed by massage also, only seven died. Death in all instances was due to respiratory paralysis. This dose of magnesium is effective in preventing oxalate convulsions, but is in itself to a considerable degree dangerous to life when combined with so much oxalate. In a series of ten animals which received a dose of 0.4 gin. of magnesium sulfate, with massage of the site of the oxalate injection, four survived, there was one instance of a typical acute oxalate death, while five other animals died at later periods from the magnesium-oxalate depression. When, however, the site of the oxalate injection was not massaged, so that absorption occurred more slowly, 0.4 gin. of magnesium sulfate did prevent oxalate convulsions and reduced the mortality by 80 per cent. Of the ten animals of this series the two that died did not succumb in an acute attack, but died later from respiratory paralysis. In one experiment 0.3 gin. of magnesiultl sulfate, given to a -rabbit whose oxalate injection was not massaged, did not prevent edrly death.
The experiments show that magnesium, when administered in proper doses, is antagonistic to oxalate poisoning. It is capable of reducing the mortality and can effectively counteract the convulsive symptoms which are characteristic of large doses of sodium oxalate.
The rabbits in which the magnesium injection was effective in preventing oxalate convulsions, and which survived the early period of acute oxalate symptoms, exhibited a depression similar to, but apparently not identical with that produced by subminimal doses of magnesium and sodium oxalate as described in our previous paper. This depression appears to be due to a specific inhibition of the nervous system, both central and peripheral, characterized by deep narcosis, with paralysis, anesthesia, and loss of the superficial reflexes.. The depression following large doses of oxalate, with subminimal doses of magnesium, does not lead to a safe narcosis, from which the animal may be readily aroused by calcium. The depression is rather a type of coma, an intoxication marked by progressive weakness, in which the power of voluntary movement, sensitiveness to stimuli, and partial reflex activity remain until shortly before death, though these responses are, of course, limited by the extreme general intoxication of the animal. Calcium rouses these rabbits to some extent. In these animals effects seem to have occurred which are not readily reversed by calcium, as is the case in magnesium depression; and even when roused they show weakness and stupor, and soon sink back into their former comatose state.
Restorative Effect of Calcium Chloride.
In another series of experiments intravenous injections of calcium chloride in ~ solution were made. After the lethal dose (0.2 gm.) of sodium oxalate had been injected intramuscularly, with or without massage, the calcium solution in doses of 5 or 10 cc. was injected into the marginal vein of the ear, either immediately, or after an interval of 10 to 12 minutes. These later injections anticipated the onset of the first convulsions, which were due to appear about 13 minutes after the injection of the oxalate. The results are given in Table III . 
Lived.
Died.
The experiments show that intravenous injections of calcium chloride may save life after lethal doses of sodium oxalate. If the site of thb oxalate injection is massaged, at least 10 cc. of ~ calcium chloride, given immediately, are required; if the site is not massaged, 5 cc., even when given after 10 minutes, may be effective. DISCUSSION AND SUMMARY. The experiments presented in this paper brought out the following facts. Intramuscular injections of sodium oxalate into rabbits in doses of 0.18 and 0.2 gm. proved to be invariably fatal, death generally occurring in a comparatively short time. The symptoms consisted in excitation and tonic and clonic convulsions of diminishing strength if death was delayed. Some animals succumbed in the first convulsion. From the experiments in which magnesium or calcium was added, it was evident that massage of the site of the oxalate injection is unmistakably an aggravating factor.
In the experiments with the addition of magnesium or calcium, doses of 0.2 gin. of oxalate were used, with or without massage. The character of the effect which follows an addition of magnesium and calcium was studied in animals which received oxalate in doses above the minimal lethal one. Nevertheless, there was practically in all cases clear evidence that the effect of the additional injections was in the nature of an antagonism to the oxalate effects. An injection of 0.6 gm. of magnesium not only alleviated or abolished the excitation and convulsions, characteristic of oxalate poisoning, but also reduced the mortality by 30 per cent. When the dose of magnesium was only 0.4 gm. per kilo of body weight and the site of the injection of the oxalate was not massaged--a condition in which 0.2 gin. of oxalate alone was invariably fatal--the mortality was reduced by 80 per cent.
The favorable effect of injections of calcium chloride depended upon the quantity injected and the length of the interval elapsing between the injection of the oxalate and that of the calcium. When the site of the oxalate was massaged and only 5 cc. of the calcium solution were injected, the animals succumbed to the oxalate poisoning. When 10 cc. of calcium were given 1 minute after the oxalate injection, the animals survived. When the site of the oxalate injection was not massaged, then even 5 cc. of the calcium were sufficient to save life.
A curative effect of calcium upon oxalate poisoning has been claimed by previous writers. This is not difficult to explain and probably consists in the simple chemical process which can be demonstrated in vitro. Oxalates precipitate calcium salts in vitro and have the same effect within the animal body. By virtue of this precipitation the calcium of the body is reduced below the amount indispensable to maintain life. Loeb said: "It is due to the presence of Ca-(and K-) ions in our blood that our muscles do not contract rhythmically. ''4 The convulsive movements in oxalate poisoning may be due at least * Loeb, J., Am. J. Physiol., 1899 Physiol., -1900 . See also Meltzer, S. J., and Auer, J., ibM., 1908, xxi, 400. partly to a reduction of the calcium content of the fluids of the animal body. In our experiments it required an injection of 10 cc. of calcium chloride to restore the calcium content to the indispensable amounts; the injection of 5 cc. was effective only when the site of the oxalate injection was not massaged.
The fact that calcium salts are antagonistic to the effects of magnesium salts, which are practically only inhibitory in their nature, does not exclude the possibility that under certain conditions calcium may also exert an inhibitory effect. The" following is an instructive illustration. Prolonged perfusion of a nerve muscle preparation with sodium chloride abolishes the irritability of the motor nerve endings; addition of calcium chloride restores it. On the other hand, perfusion with calcium chloride alone promptly abolishes this irritability. In one case it restores the irritability while in the other it inhibits it. 5
It is different with regard to the action of magnesium upon oxalate poisoning. Superficially it seems that there is a direct contradiction between the results reported in a previous communication t and the experiments reported in this paper. The first series of experiments demonstrates that oxalate and magnesium act synergeticalty, while in the present series evidence is brought forward that magnesium acts antagonistically to the poisonous effects of the oxalate. However, this seeming contradiction may be explained on the assumption that oxalates, especially in larger doses, aside from their calcium-precipitating property, exert by means of a yet unknown factor a further toxic effect which favors the development of excitation and convulsions, which in turn lead to exhaustion and death. The employment of carefully selected doses of a magnesium salt will reduce or abolish the excitation and spastic attacks and thus will prevent exhaustion and hence save life. We may thus say that the favorable antagonistic action of magnesium against large, fatal doses of an oxalate is merely symptomatic in its nature--similar, for instance, to the favorable effect of chloroform upon strychnine, convulsions--while the synergetic action of subminimal doses of magnesium and oxalate may be considered as specific in nature. The precipitating action of the oxalate decreases the calcium content and thus increases the effectiveness of the inhibitory action of the subminimal dose of magnesium.
